Static barcode labels for individual molecules, based on a sequence of fluorescent segments deterministically encoded in a DNA scaffold, are emerging as sensitive tools for direct digital quantification assays, such as RNA transcript profiling. The next generation of digital barcoding will require dynamic single-molecule labels, which can be controllably translocated, stretched, and read serially by an electronic or optical point detector. Towards that goal, structures consisting of a single magnetic and a single non-magnetic particle connected by a DNA-based linker were synthesized at micron (microdumbbells) and submicron (nanodumbells) scales via successive streptavidin-biotin attachments. Visualization of the structures with fluorescent and atomic force microscopy revealed the desired dumbbell morphology, thus demonstrating the suitability of the synthesis scheme. The stretched DNA-based linker is a convenient template for deterministic, sequence specific information encoding, which indicates the potential of the dumbbell-shaped nanostructures as magnetophoretically driven dynamic barcode labels.
INTRODUCTION
Multiplexed nucleic acid target assays are traditionally performed on microarrays 1 2 and often employ various amplification techniques such as polymerase chain reaction (PCR), 3 nucleic acid sequence-based amplification (NASBA) 4 and ligase chain reaction (LCR). 5 The rapidly growing field of nucleic acid-based molecular diagnostics relies on amplification methods as well. 6 Such methods have reached high levels of sensitivity, however the enzyme performance is dependent on experimental conditions and susceptible to contamination and inhibitors. 7 The development of non-enzymatic biodetection tools with high sensitivity and accuracy, which are based on single molecule labelling, can overcome some of the disadvantages of PCR and the other enzymatic methods, providing direct digital quantification. 8 Advances in nanotechnology have potential to revolutionize various areas of bioscience, including biomolecular detection and diagnostics. [9] [10] [11] Much effort has been focused on the synthesis of new biochemically relevant nanostructures: research in the field has evolved * Author to whom correspondence should be addressed.
† The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. from the synthesis of basic structures-such as colloidal nanoparticles with surface functionalizations consisting of small molecule, biomolecules, or polymer-to much more elaborate nanostructures combining different types of nanoparticles and complex biomolecules into a single nano-object. [12] [13] [14] [15] [16] We propose that dumbbell nanostructures consisting of two nanoparticles connected by a DNA linker can be used as templates for information encoding, and thus to serve as single-molecule barcode labels. For example, fluorescent segments of differing spectral properties, in a predetermined spatial order, can be engineered on the DNA linker to create a molecular barcode in a process that is similar to the one reported in Ref. [8] . Unlike the nanostring barcodes, which are static when detected, the dumbbell structure could be translocated in a controlled fashion in the vicinity of a point detector, for serial reading. In another application the barcode information can be in the form of electrochemically active residues that can be detected by a nanoelectrode. 17 Such applications would require (i) the controlled dynamic movement of the dumbbell structure and (ii) applying counteracting forces on the two ends of the dumbbell, in order to generate a net stretching force for uncoiling of the DNA linker and sequential readout of the encoding elements. We have developed such a method that relies on applying a controlled magnetic driving force, which acts on a magnetic bead at the leading end of the dumbbell, countered by a hydrodynamic drag force acting on a non-magnetic bead at the lagging end. 18 19 In this article, we report a novel approach to precisely synthesize conjugates with the desired dumbbell structure, containing a magnetic nanoparticle (MNP) and a non-magnetic nanoparticle (NMNP) at the corresponding termini.
MATERIALS AND METHODS

Materials
Bacteriophage lambda DNA (New England Biolabs Inc., USA), magnetic microbeads (MMB) of diameter 2. 
DNA Biotinylation
Two alternative methods were used to selectively attach biotin to one end of lambda DNA.
Oligonucleotide Ligation
This was the preferred method for creating a linker for the microdumbbells. A 3 biotinylated oligonucleotide (5 P-AGGTCGCCGCCC-3 Biotin), complementary to the 5 cos site of Lambda DNA was custom synthesised (Integrated DNA technologies Inc., USA). 20 g (640 fmoles) of DNA was heated to 70 C for 10 min, immediately was put on ice and then hybridized with 32 pmoles of the oligonucleotide by cooling the mixture to 37 C for 60 min, followed by ligation with 5U of T4 DNA ligase in ligase buffer (400 mM Tris HCL, 100 mM DTT, 5 mM ATP (pH 7.8 at 25 C) for 2 h. Subsequently, the biotinylated DNA was purified using DNA purification kit to remove any salts, enzymes and excess oligonucleotide. The concentration of biotinylated DNA was estimated spectrophotometrically.
5' Overhang Fill-in
A fill-in reaction (20 l) with Klenow polymerase was used to attach biotin to the termini of the DNA linker: For the MMB-based dumbbell the template for the fill-in was the distal 5 cos overhang of full-length Lambda DNA (5 -AGGTCGCCGCCC), while for the nanodumbbell, it was the 5 -overhangs at both termini in the initial step, as well as the 5 HindIII overhang (5 AGCT) of 23 k bp DNA fragment, post-digestion (Fig. 1 ). 20 g (40 l) of DNA was linearized by heating and used in a 50 l fill-in reaction with 3 l of each dATP, dTTP, dGTP, and biotin-dCTP (each 10 mM), 5 l of Klenow buffer (10×) and 2 l (10u) of Klenow fragment were added and the reaction was incubated for 2 h at 37 C.
Binding of Biotinylated DNA to
MMBs and MNPs.
Microdumbells
2 g/ l purified undigested biotinylated DNA (48. and following the manufacturer's protocol. After binding, MMB were resuspended in 1X Tris-EDTA buffer (10 mM Tris-HCl containing 1 mM EDTA, pH 8.0) and stored at 4 C.
Nanodumbbells
First, 30 ng of 100 nm streptavidin coated MNPs (10 mg/ml) was washed two times by Phosphate Buffered Saline (PBS) buffer and then resuspended into 12 l of PBS buffer and sonicated by liquid sonicator (Unisonics, Australia PTY LTD) for 5 min. 13 l (300-500 ng) of 23 kb DNA fragment that had been prepared before, was added to the particles and kept for 2 h in RT. 5 l of Micro-Ruby (Dextran, tetramethyloadamine and biotin, 3000 Mw lysine fixable, 0.3 Tetramethylrodamine/mole and 0.5 biotin/mole) for staining the MNP, was added to the solution and kept in room temperature for 2 h, followed by magnetic separation and washing.
Formation of Dumbbell Structures
For the formation of microdumbbells, the DNA bound Dynal MMBs with diameters of 2.8 m or 1.0 m were incubated with streptavidin-coated NMMBs with a diameter of 5.6 m, while for the nanodumbells the 100 nm MNPs were incubated with NeturAvidin coated 40 nm fluorescent NMNPs in TTL (100 mM Tris-HCl, pH 8.0, 0.1% Tween 20 and 1 M lithium chloride) or PBS buffer and then left for incubation at room temperature overnight and 4 h with gentle shaking, respectively. The DBs were then washed by 100 l of 1X Tris-EDTA (TE) buffer for three times with magnetic separation and resuspended in 1X TE buffer.
Fluorescence Microscopy
The DNA linker molecules in the micro and nanodumbbells were visualised using a cyanine dimer dye YOYO-1 and a fluorescence microscope (Olympus BX61). Best visualization was achieved with a base pair to dye molecule ratio of 5:1. The 100 nm DNA functionalized MNPs which were coated with tetramethylrhodamine dextran dye were imaged by fluorescence microscopy after staining the complex with YOYO-1. The stained dumbbell complexes were deposited on a slide with treated coverslip and left for drying in dark. The protocol for coverslip preparation was adapted from Braslavsky et al. and Kartalov et al., with some modifications. 21 22 2.6. Atomic Force Microscopy 2.6.1. Sample Preparation 1 l of dumbbell was diluted by adding 5-7 l of HEPESMg buffer (40 mM HEPES-KOH, 10 mM MgCl 2 , pH 7.6), and then 5 l of diluted dumbbell was placed on freshly cleaved mica disc (12.5 mm diameter, ProSciTech, Australia). Samples were sat on the mica for 1 to 2 min before washing and then rinsed by soaking for 45 sec. into 18.2 M ultra pure water and subsequently blown dry with compressed nitrogen.
Scanning
AFM images were collected using commercial contact and tapping mode instruments (Digital Instruments, Inc., Santa Barbara, CA). The tapping mode tips used were rectangular silicon cantilevers with a spring constant of 30 N/m.
RESULTS AND DISCUSSION
The goal of this study was the synthesis of dumbbell structures consisting of a magnetic and a non-magnetic particle connected by a DNA linker. Such structures can be translocated in a controlled fashion via magnetophoresis, whereby magnetic forces act on the magnetic "head" and hydrodynamic viscous drag forces act on the nonmagnetic "anchor." 18 19 An appealing feature of such magnetophoretic translocation is that the DNA linker becomes uncoiled, allowing for the successive readout of deterministically incorporated information-encoding elements.
The desired dumbbell structures have strict polarity, with a single magnetic and a single non-magnetic particle at the two extremities. Such directionality can theoretically be achieved by placing two different ligands at the ends of a DNA molecule and coating the magnetic and non-magnetic particles with the corresponding affinity cognates. However, our desire was to exclusively exploit the ubiquitous and robust streptaividin-biotin chemistry, 23 24 which led us to pursue a successive biotynilation strategy.
We investigated structures at two substantially different scales, microbead-based microdumbbells and nanoparticlebased nanodumbbells, using the synthesis schemes shown in Figure 1 . The attractiveness of the microdumbbells is in the resultant ability to dynamically image and record their movements with light microscopy, making them an ideal model system to study the physics of magnetophoresis. 18 At the same time the gross mismatch between the microdumbell size and the dimensions of individual biomolecules makes them poorly suited for single molecule barcoding.
To create the microdumbbell structures, the streptavidincoated MMBs (diameter 2.8 m, 1.0 m) were loaded with full-length DNA. The DNA was biotinylated by ligating a 3 -biotin-modified oligonucleotide complimentary to the 5 cos -sequence of DNA. The ligation reaction is necessary, as simple annealing of a biotinylated 12-mer oligonucleotide does not provide sufficiently strong tether. 25 Building the dumbbell from the magnetic towards the non-magnetic side was chosen for the convenience of using magnetic separations to purify the nascent structure from reaction components, i.e., excess DNA. Binding of full-length DNA to the microbeads in traditional streptavidin-binding buffers, i.e., TTL, proved problematic so the specifically optimized for large molecules Kilobase Binder kit from Invitrogen was used.
After binding to the MMBs and magnetic separation, the distal cos overhang was filled-in with Klenow fragment and biotin-dCTP to enable the second attachment. It was found that for the attachment of the latex NMMBs, incubation in TTL buffer was sufficient, likely due to the incorporation of multiple biotin residues in the fill-in reaction (there are four possible sites for incorporation of biotin-dCTP in the fill-in of the cos overhang). Figure 2 (A) and 2(B) are DNA-stained fluorescent images of the structures containing the 1 m or 2.8 m MMBs, respectively, which illustrate the desired microdumbbell morphology. The efficiency of binding of the NMMB to the nascent dumbbell was low when their concentration was equal to the MMBs, which led us to experiment with varying the corresponding ratio. At increasing concentration of NMMBs, the dumbbell yield increased, however, we also observed cases of multiple NMMBs binding to a single MMB (Fig. 2(D) ). The two microbeads in the micro-dumbbells have surface area large enough to accommodate multiple attachments of DNA and therefore the dumbbells contained linkers composed of multiple molecules; these multi-filament linkers were difficult to stretch magnetophoretically, resulting in structures where no separation between the two beads could be observed with optical methods (Fig. 2(C) ). This problem was alleviated via dose-dependent sonication of the dumbbells, which resulted in increasing the desired apparent separation between the beads during magnetophoresis; however it also led to a decrease in the microdumbbell yield, as some linkers were completely severed. 19 While the microdumbbell structures proved to be valuable model systems for dumbbell magnetophoresis, their scale as well as the presence of multi-filament linkers makes them unsuitable for single molecule applications. In contrast, nanodumbells have dimensions that are closer to those of biomolecules, thus making them viable templates for single molecule barcoding. The submicron scale diameters offer two additional advantages: first, the smaller surface area per particle makes it easier to construct dumbbells with a single DNA molecule as a linker, and second, attachment to the termini of large DNA molecules is expected to be more robust, due to reduced steric hindrance from the particle surface and increased particle mobility in the binding buffer, compared to the microbeads.
In this study we constructed nanodumbells containing a MNP with a diameter of 100 nm, a NMNP with a diameter of 40 nm, and 23 kb DNA fragment from HindIII digestion as the connecting linker. Compared to the microdumbells, this represents ten to a hundred time reduction in particle diameter and approximately 50% reduction in linker length. The use of a digestion fragment from DNA necessitated its gel-purification, however it also allowed the dumbbell to be constructed by two successive biotinylations via Klenow fragment fill-in reactions of the cos and HindIII overhangs respectively, thus eliminating the need for oligonucleotide ligation. Binding of the DNA fragment to the MNP was done at stoichiometric parity, while the number of NMNPs was in ten-fold excess.
The use of excess of NMNPs improved the dumbbell yield, without compromising purity, since the unbound NMNPs are easily removed via magnetic separation. Unlike the microdumbell case, we did not observe multiple NMNPs binding to a single MNP, thus reinforcing the assumption that the dumbbell linker was composed of a single DNA duplex.
Due to their dimensions bellow the diffraction limit, the nanodumbbells could not be filmed in magnetophoretic motion with reflective light microscopy; 18 however we were able to statically image them by epi-fluorescence immersion microscopy and atomic force microscopy.
The fluorescent, two-colour overlay, images of nanodumbells, shown in Figure 3 offer a visual demonstration of their structure. The fluorescent NMNPs are impregnated with fluorescent dye throughout their volume and could be readily seen in all fluorescent images, owing to their high brightness. In contrast, the MNPs were stained only on the surface by binding of a fluorescent biotin-containing dextran, making them to appear paler and more inconsistent in comparison. (See for example Fig. 3 
(E).)
In some instances the staining of the MNPs was so weak that they were indistinguishable from the background. It should be noted, however, that the image detection of only a fluorescent NMNP is sufficient to indicate the formation of a full nanodumbell, even if the magnetic nanopraticle was invisible, since magnetic separation and excessive washing with up to ten volumes of buffer ensures that only structures containing a magnetically responsive nanoparticle are selected for imaging.
To provide further visual characterization of the nanodembbells we performed atomic force microscopy. Figure 4 offers a representative AFM image, where the two nanparticles, linked by a single DNA molecule are clearly visible. The sample preparation on mica for AFM did not involve full stretching of the nanodumbbell, unlike the samples for the fluorescent microscopy (see Materials and Methods).
While a dumbbell with the expected morphology is clearly distinguishable in Figure 4 , the AFM analysis routinely discovered incomplete structures containing a DNA linker and a single nanopraticle, however, unlike the fluorescent imaging, it was the 40 nm NMNP that was frequently missing.
This was the case even in samples, which consisted mainly of full nanodumbells, as judged by fluorescence microscopy, thus suggesting that it was due to the preparation process for AFM, rather than the presence of significant fraction of half-dumbbells in the sample. 
CONCLUSION
We have demonstrated the successful synthesis of dumbbell structures based on a single magnetic and a single non-magnetic particle connected by a DNA-based linker. The employed successive streptavidin-biotin binding scheme takes full advantage of this robust and ubiquitous attachment chemistry, without introducing additional affinity ligands or chemical modifications. Such dumbbell structures can be translocated in a controlled fashion via magnetophoresis, whereby a magnetic driving force acts on the magnetic "head," while a counteracting drag force, acting on the nonmagnetic "tail" contributes to dynamic stretching of the linker. 18 The DNA-based linker can potentially be used for information encoding through deterministic incorporation of coding elements (such as fluorescent or electrochemically active segments, for optical or electronic detection respectively) at sequence-specific sites, creating barcode labels. Micronscale dumbbell structures can be filmed in motion by reflective light microscopy; however, they are too large for single-molecule labelling applications. In contrast, nanodumbells have dimensions that are commensurate with the size of biomolecules and are more likely to contain a linker consisting of a single DNA duplex, thus making them ideal scaffold candidates for dynamic, singlemolecule barcodes. 
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